Many transcription factors have long been known to bind DNA cooperatively, and/or to activate transcription in a highly synergistic manner, by diverse in vitro and in vivo assays [2] [3] [4] [5] [6] [7] [8] . Synergy among transcriptional activators is often essential for describing precise patterns of gene expression in multicellular organisms [9] [10] [11] [12] . For example, in the Drosophila embryo, the Bicoid morphogen is proposed to create sharp boundaries of target gene expression through its high transcriptional cooperativity [5, 7, 13] (but see [14] for a fascinating update to that story). Countless developmental enhancers have been shown to rely on cooperative activation to integrate graded signals into seemingly 'digital' on/off patterns of gene expression [10, 15] .
Sometimes, however, a proportional response is called for. For example, the expression levels of many yeast genes are linearly correlated with growth rate [16] . Cell-cell signaling pathways, such as the pheromone response system in yeast and developmental patterning pathways in animals and plants, often employ negative feedback mechanisms to produce transcriptional responses in proportion to the intensity of the signal [17, 18] . Cellular responses to stress and other environmental inputs are also typically 'analog' in the sense that the level of transcriptional response increases with the amount of stimulus. A 2010 study of the transcription factor NF-kB suggested that non-cooperative DNA binding to clusters of sites in target enhancers underlies its ability to generate graded responses to inflammatory signals [19] . Thus, an activator's level of binding cooperativity can help to determine whether its transcriptional targets will respond in an analog or digital manner (Figure 1) .
Stewart-Ornstein et al.
[1] used a cleverly engineered genetic system to examine the transcriptional output of Msn2, a key transcription factor in the yeast general stress response. By expressing a constitutively active form of Msn2 under the control of a hormone-inducible promoter, and measuring the activity of Msn2-regulated promoters driving fluorescent reporters, they were able to carefully titrate transcription factor activity and quantify its effects on gene expression across a range of concentrations in vivo. Most examined target genes show a graded, analog response to increasing Msn2 activity, though, as might be expected, the magnitude of the response varies widely from gene to gene. Cooperativity was measured by mutating Msn2 binding motifs in the promoter of a target gene, singly or in pairs: the results showed that, although nearby Msn2 binding events are not completely independent of one another, this transcription factor is not highly cooperative at the transcriptional level.
The authors then move beyond cooperativity, demonstrating that Msn2 has relatively low affinity for its DNA binding motifs in vitro, and that Msn2 motifs are relatively common in the yeast genome. Both of these properties, the authors argue, tend to reduce the level of occupancy of Msn2 at its target promoters, via weak transcription factor-DNA interactions at individual sites and by sequestration of the protein by a surplus of binding sites in the genome. This proposition is cleverly tested by making targeted substitutions to the DNA-binding domain of Msn2 to alter its DNA-binding specificity. The engineered mutant Msn2 has significantly higher in vitro binding affinity for its new preferred sequence motif than the wild-type protein has for its binding site. In addition, the binding motif preferred by mutant Msn2 is considerably less frequent in the genome than the wild-type binding site. The authors' model predicts that the transcriptional output of this altered transcription factor should no longer be linear, and indeed a synthetic reporter gene showed a nonlinear, saturating (but not sigmoidal) response to the mutant Msn2.
Based on these findings, Stewart-Ornstein and colleagues propose that a combination of low DNA-binding affinity ( Figure 1A ) and high competition for genomic binding sites ( Figure 1B ), in addition to low cooperativity at the DNA-binding level ( Figure 1C) , enable Msn2 to produce graded transcriptional outputs among its target genes in the general stress response network. These properties allow Msn2 target promoters to remain unsaturated -that is, not fully occupied by Msn2 at all binding sites -across a broad dynamic range of transcription factor concentrations ( Figure 1D, center) . By contrast, high-affinity target promoters become saturated (and thus unresponsive) at relatively low levels of signal ( Figure 1D , left). Highly cooperative transcription factors, meanwhile, can produce sharp, sigmoidal response curves resembling digital outputs ( Figure 1D , right) [5, 6, 12, 19] . Both of these saturable response profiles are presumably undesirable in stressresponsive genes. Taken as a whole, the Msn2 transcriptional network is highly complex and appears to be subtly regulated at many levels [20] , but this new report shows that, at least at the level of DNA binding, simple strategies can have dramatic effects.
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[TF] High-affinity TF binding sites are sensitive but can cause saturation of transcriptional output, due to maximal occupancy of regulatory sequences, at relatively low TF concentrations. Center: Low-affinity TF binding sites can generate a linear response across a broad range of TF concentrations. Right: High cooperativity among TFs, at the level of DNA binding, produces a sigmoidal response which is sensitive to low TF levels, but which has a limited dynamic range.
